Introduction
The rupture of cerebral aneurysms is a leading cause of stroke, and when a cerebral hemorrhage has occurred, or is deemed likely to occur, at the site of an aneurysm, various medical intervention options are considered (e.g., Wardlaw and White [1] ). Surgically clipping the aneurysm from the outside cuts off the interior flow and prevents rupture, but invasive neurosurgery carries well-known risks of mortality and morbidity. Alternative, minimally invasive, endovascular techniques involve the implantation of intravascular devices that only partially occlude blood flow into and/or through the aneurysm. If an implanted stent or coil can slow down the local flow in the aneurysm pouch sufficiently that a thrombus forms, rupture can be prevented.
A key technical challenge in endovascular procedures lies in the assessment of the probable hemodynamic effects of particular coil and stent deployments, the objective being to completely embolize the aneurysm pouch, without precipitating any release of thromboemboli into the parent vessel.
One of the tools that has been considered for use in the assessment and treatment of aneurysms is computational fluid dynamics (CFD). In this paper, we discuss the application of finite-element (FE)-based CFD techniques to arterial hemodynamics in the presence of stents. The particular example that will be analyzed is a simplified model of a stented side-wall aneurysm on the basilar artery, a case for which there are relevant computational and in vitro results in the literature (e.g., [2] [3] [4] [5] ). Previous studies that applied CFD to similar problems did not address questions of methodology in any detail, discussing results obtained using CFD software without investigating issues such as the convergence of FE solutions over varying mesh resolutions. Recent CFD analyses of flow through straight stented vessels representing the coronary artery (La Disa, et al. [6] ) have suggested that the dynamics of the wall-shear stress (WSS) field near stent struts can Groden, et al. [7] and Lieber and Gounis [5] , who had previously applied CFD to the more complex idealized flow geometries of stented and coiled vessels with aneurysms, did not analyze the biomechanically significant WSS distribution on the struts and adjacent lumen in detail, but instead focused upon the evolution of the velocity and pressure fields, which are represented at higher order in FE approximations, and which they successfully simulated using meshes having approximately 5,000 elements (a much smaller number than was used by La Disa, et al. [6] ).
Modern computational resources and methods make it possible to fill this important gap in the literature, this being one of the aims of the present study.
Analyzing WSS dynamics near stent struts requires that the geometry of the wires and their intersections with each other and with the vasculature be represented at a reasonable level of realism. Modeling the actual deployment of stents in physiologically realistic vessels and aneurysms is, of course, extremely complex, and we follow the above-cited studies in using a degree of idealization. However, we will describe the application of geometric methods and unstructured mesh generation technology that is more versatile than the conformal meshing techniques employed in earlier CFD studies. The methods that we utilize apply in principle to cases with arbitrarily complex geometries and topologies.
Methods

Geometry Input.
As is common in FE modeling, parameters tied to analytical surfaces are used to control the boundary conditions of the discretized equations of fluid flow, as well as the meshing procedure that discretely approximates the flow domain as a set of elements (see 2.3 below). The analytical surface model is often created with the aid of interactive CAD tools, but complicated models like the ones with which we describe stented aneurysms are difficult µm, and 12 = n braids is implanted with its center at the origin, which was chosen to lie directly below the aneurysm center point in the ẑ direction. The tubular surface of the i th stent braid was represented with a succession of free-form NURBS surfaces whose weighted control points were specified so as to conform with the parametric surface defined by the mapping
with φ ranging between 0 to π 2 , θ ranging between 0 and ( )π
, and i ranging from 1 to n .
This represents a linear spiral that protrudes beyond the parent vessel by ½ stent radius. The factor i S is +1 or -1 as i is even or odd, and a constant angular offset is assumed between adjacent braids scaled so as to make one unit correspond to one period and a nominal value for the heart rate was assumed so as to fix the Womersley number at Wo=2.2. This is, again, consistent with available data.
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The CFD simulations discussed in this study were performed with an in-house solver that has been well-validated in a variety of applications [8, 9] . The solver operates over unstructured tetrahedral FE meshes in which velocity fields are represented with quadratic Taylor-Hood elements. Explicit time marching is used for integration of the Stokes terms for both steady and pulsatile simulations, while an Uzawa scheme recovers the pressure field at each time level. A time-splitting approach is used to handle the non-linear convective terms [10] . The numbers of sub-steps per Stokes step are automatically chosen by the solver in order to keep the solution within the stability bounds prescribed by the Courant number.
Mesh Generation.
The geometric analysis and mesh generation capabilities needed for this study were provided by a commercial CAD package, ICEM-CFD (ICEM CFD Engineering, Berkeley, California). This product, like other similar CAD and CFD software, supports generic geometric modeling using NURBS surfaces and implements a variety of essential operations of computational geometry, including mesh generation. The unstructured tetrahedral volume mesh generator implemented in ICEM is based upon the octree algorithm. We will, in this study, not concern ourselves with how the meshes are generated, treating the geometry and mesh generation system as a "black box" that creates volume meshes suitable for use with the CFD solver, given the NURBS surface descriptions of the vessel, aneurysm, and stent as input. The spacing between nodes in the volumetric mesh may in general be specified in complex ways in relation to the bounding geometry, but we have reduced this specification to the adjustment of two parameters: (1) the uniform node spacing far from the stent struts, denoted by ∆ ; and (2) the node spacing near the struts, denoted by δ . The transitional node and element distribution between the respective regions of fine and coarse node density is determined by the mesh subdivisions performed by the octree algorithm. Figure 3 , we depict the surface triangulation from the finest mesh, subdividing the faces of quadratic elements into linear triangles. A side-view of the mesh for the complete flow domain is shown along with two inset close-ups that illustrate the dense mesh structure near the stent wires. One of these insets focuses upon a topologically complex region where two stent wires criss-cross through the surfaces of both the aneurysm and the stent; the other inset shows a view of the symmetry plane around the point where it is penetrated by the wires at the outermost (outflow) edge of the stent.
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Steady Analyses (Mesh Convergence Results
In integrating the Navier-Stokes equations for these three cases, we monitored the time evolution of a quantity, rms U , which was defined and computed as the RMS velocity magnitude Spatial convergence of the velocity field, which is achieved even with our coarsest mesh, does not necessarily extend to WSS, which is represented at lower order in the FE approximation (Prakash and Ethier [11] ). We plot this quantity in Figure 4 , depicting the results from the three cases from a viewpoint that looks into the interior of the vessel and aneurysm through the symmetry plane (which is not shown, but trims the model along the black boundary line). As should be expected, the WSS on the vessel lumen approaches a constant asymptotic value far from the stent and the aneurysm throat, this corresponding to the boundary-layer WSS for Poiseuille flow. Near the stent wires, vessel, and aneurysm, the coarse structure of the WSS is essentially the same at all levels of resolution, but there is considerable variability near the stent wires themselves, where WSS exhibits a distinctly "speckled" pattern in the two coarser simulations. It is only with the most finely resolved mesh, in which
, that the "noise" ceases to be apparent. We computed the time-averaged WSS over the second pulsatile cycle using 40 evenly spaced sample times. The results are not shown here because they are extremely similar to the steady WSS distribution obtained at the same time-averaged Reynolds number (as depicted in the lowermost frame of Figure 4 ). The similarity is not surprising, considering that 2.2 represents a relatively small value for the Womersley number. Examining the field near the small-scale stent structures, we observe the general phenomenon that WSS on the struts is intensified with respect to the asymptotic Poiseuille boundary layer value, while the corresponding WSS on the adjacent lumen is reduced. WSS intensification is most prominent on the sides of the stent wires facing the impinging flow, while WSS reduction is most prominent on the patches of vessel lumen near wirewire intersections.
Pulsatile
To gain further insight into the flow dynamics near the stent, we plotted a number of flow streamlines. These are shown in Figure 5 at times near peak systole (top) and peak diastole (bottom), superimposed upon translucent surface renderings of the stented aneurysm model. Also superimposed upon the model are regular 4x4 Cartesian grids whose geodesics run parallel to the cylindrical vessel. The illustrated streamlines pass through seed points on the diagonals of the overlaid grids, whose radius of curvature is 10% larger than that of the parent vessel. The key point to be drawn from Figure 5 is that the complex topology of the streamlines near the aneurysm throat is strongly influenced by the stent wires, and varies over the pulsatile cycle. Throughout the cycle, many of the streamlines in the aneurysm interior are captured by a persistent vortex, but this structure is variable in its position and extent.
The node and element counts that we required for the smooth resolution of the near-stent WSS field are comparable to those reported for straight stented vessels by La Disa, et al. [6] . We also made comparisons with preliminary two-dimensional steady analyses that were done in the symmetry plane of the 3 -D model, using an advancing front mesh generation technique and adaptive methods to optimize mesh density (Stuhne and Steinman [12] ). Like the 3-D analyses discussed above, these analyses also suggested that near-stent node spacing needs to be around 1/3 of a wire radius for detailed resolution of WSS. However, features of the velocity field such as the RMS aneurysmal velocity and the broad vortical flow patterns in the aneurysm pouch could be accurately resolved in both 3-D and 2-D using coarser near-stent mesh resolution (node spacings of about one wire radius). The consistency of these results suggests that they hold in general, at least for unstructured FE meshes.
Our results regarding increased WSS on wire surfaces and decreased WSS on adjacent lumen are consistent with those of La Disa, et al. [6] , although these authors report that the peak WSS on stents tends to be approximately double the asymptotic boundary layer value, whereas our own results exhibit WSS intensification factors that in some regions exceed 4. Their stent geometry protruded from the lumen by a similar amount in relation to the vessel size, but represented slotted tube stents with gently sloped struts, while our stents were modeled as circular wires whose partial embedding in the lumen results in cusp lines. Aenis, et al. [2] , who performed CFD analyses of flow in stented side-wall aneurysms using meshes with much lower node and element counts, do not discuss detailed WSS distribution along the stent wires and adjacent lumen, but we obtained broad agreement with their results regarding vortex evolution in the aneurysm pouch and the reduction of flow intensity by stenting.
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The above-cited studies made use of so-called conformal mesh generation methods, which represent spatially varying fields using transformations of rectangular data arrays. This is possible if the stent topology is everywhere a protrusion from a vessel lumen (as in La Disa, et al. [6] ), or if its wires happen to run along grid rows and/or columns (as in Aenis, et al. [2] , where struts crossing the aneurysm throat are topologically separated from the lumen). The regular 4x4 grids that were used to seed the streamline plots in Figure 5 illustrate the axial and circumferential directions conforming to the cylindrical shape of the parent vessel. It is clear that the circular cross-sectioned, intersecting stent braids used in our analyses do not conform with any obvious choice of coordinate systems for mapping the interiors of the cylindrical vessel and the spherical aneurysm. Since the near-stent streamlines are controlled by the physical shape of the stent, their accurate representation in non-conformal topologies requires the use of more general unstructured mesh-generation tools.
Our work illustrates such methods and the results produced by them.
Conclusions
We have described results and methodology that will be helpful in the simulation of endovascular aneurysm treatment procedures. The techniques discussed are applicable in principle to stented and coiled geometries of arbitrary complexity, and our particular example, although still relatively idealized, furnishes new results regarding mesh resolution requirements and WSS distribution in stented aneurysmal flows.
In practice, "virtual interventions" for specific aneurysm geometries are not yet routinely achievable. They will require more sophisticated models of the expansion and embedding of stents within the vasculature. Even when such models have been developed, industrial CAD programs are not very well optimized for processing complex free-form geometries (see, e.g., Ma, et al. [13] ).
Available software will likely have to be adapted and/or redesigned to provide a problem-specific tool that seamlessly integrates geometry, mesh generation, and FE analysis algorithms. Our ongoing and future work focuses upon these issues. shown as a fraction of the asymptotic value for a straight cylindrical artery.
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